A nascent surface has high activity to catalyze the decomposition of lubricants under boundary lubrication conditions. The effects of sulfur-containing, nitrogen-containing, phosphorus-containing additives and phosphatecontaining ionic liquid were investigated on the decomposition of synthetic hydrocarbon oil (multialkylated cyclopentane, MAC). The decomposition processes of the lubricants on the nascent surface of bearing steel AISI 52100 were investigated using a ball-on-disk friction tester in a vacuum chamber with a quadrupole mass spectrometer. Three parameters related to the decomposition process were observed: the induction period for the decomposition, the desorption rate of gaseous products, and the critical load for the activation of the decomposition. The order of efficiency of additives in extending the induction period was: sulfur-containing additive (S)＜nitrogen-containing additive (N)＜phosphorus-containing additive (P)＜phosphate-containing ionic liquid (P-IL). The order of efficiency in increasing the critical load was: N＜S＜P＜P-IL, and the order of efficiency in decreasing the decomposition rate was: N＜S＜P＜P-IL. These results suggest that additives which can form iron salts (such as iron phosphate and iron sulfide) will deactivate the nascent surface, decreasing the decomposition rate and increasing the critical load.
Introduction
Multialkylated cyclopentane (MAC) is a type of synthetic hydrocarbon oil which has been gaining wide acceptance for use in spacecraft applications and the semiconductor manufacturing industry 1)～3) . MACs have excellent viscosity properties, and high thermal and chemical stabilities, especially super low vapor pressure, which can ensure adequate lubrication for the entire lifetime of the mechanisms 4) . Although the chemical stability of MACs is very high, MACs partially decompose under friction conditions and in contact with metals, forming low molecular weight products, such as hydrogen, methane, and ethane 5), 6) . The decomposition of the lubricant results in problems such as hydrogen embrittlement, contamination by volatile products, lubricant loss, and unexpected failure of the mechanisms 7), 8) .
The decrease in stability of MACs under friction conditions is very complex because the mechanisms may involve mechanical degradation induced by shearing forces, temperature rise at the contact surface, and the catalytic effects of nascent surfaces. Under boundary ＊ To whom correspondence should be addressed. ＊ E-mail: mori@iwate-u.ac.jp lubrication conditions, the surface layers on solids like metal oxides and organic contaminants are removed by mechanical stimulation, resulting in the formation of nascent surfaces. Many types of active sites such as steps, kinks and defects are generated on the nascent surfaces 9), 10) . Therefore, the nascent surface has high activity to catalyze and accelerate the decomposition of organic compounds 11)～13) . Tribological behavior under boundary lubrication conditions is strongly affected by surface reactions as well as chemisorpion of additives at the mechanical contacts. The chemical nature of metal surfaces is closely dependent on the lubrication conditions, that is, oxide surfaces exist under mild conditions and metallic surfaces under severe conditions. Consequently, additives effective under mild conditions are likely to be polar compounds such as fatty acids and phosphates, whereas additives effective under severe conditions are likely to be non-polar compounds such as organic sulfides, according to Pearson's hard and soft acids and bases (HSAB) principle 14) . The advantage of MACs over more conventional lubricants for vacuum applications such as PFPEs is the compatibility with currently available hydrocarbon-based additives 15) . Therefore, one possible method to decrease the decomposition of lubricants during the friction process is to reduce the surface activity by introducing additives. The present study investigated the effect of additives on the tribochemical decomposition of synthetic hydrocarbon oil on nascent steel surfaces. Four types of additives, containing sulfur, nitrogen, and phosphorus, and phosphate-containing ionic liquid, were used to investigate the relationships between the tribochemical activity of the metals and the chemical natures of the compounds.
Experimental Section

1. Materials
All lubricants and additives were commercial products and were used without further purification. The base oil was the synthetic multialkylated cyclopentane (MAC) 1,2,4-tris(2-octyl-dodecyl)cyclopentane with viscosity of 108 mm 2 /s at 40℃, viscosity index of 137, and vapor pressure of 3.999×10 -9 Pa at 25℃. The lubricant was produced by Nye Lubricants, Inc. The names and concentrations of the additives are listed in Table 1 , and the chemical structures of the lubricant and additives are shown in Fig. 1 . TBMP-DMP was supplied by Nippon Chemical Industrial Co., Ltd., and other additives were supplied by Tokyo Chemical Industry Co., Ltd., Japan.
Experimental Procedure
The friction tests were carried out in a high vacuum chamber with a base pressure of less than 2×10 -4 Pa after bakeout. A ball-on-disk type sliding tester was installed in the vacuum chamber, as shown in Fig. 2 . The ball and disk specimens were made of bearing steel AISI 52100, with the ball of 6.35-mm diameter and the disk of 24-mm diameter and 7-mm thickness. The disk was mirror polished to mean roughness of Ra 0.03 µm. The specimens were thoroughly cleaned for 10 min in an ultrasonic bath with petroleum ether and hexane, respectively, before the sliding test. A thin lubricant film was formed on the disk surface with mean thickness of 10 µm. The thickness of the film was controlled by the mass of the lubricant.
During the rubbing tests, the pressure in the vacuum Intensities of the molecular and fragment ions originating from the reaction products were monitored by a quadrupole mass spectrometer (Q-MS). All tests for a given lubricant were carried out on the same friction track using the same ball at room temperature. Firstly, the friction tests were carried out with sliding velocity of 0.02 m/s and load of 8 N to remove the surface layers. Then, to examine the effect of mechanical conditions on the decomposition of lubricants, tests were After the friction tests, the disk was cleaned with hexane for 10 min using an ultrasonic bath to remove the excess lubricant, and then chemical analysis of the wear scar was carried out. The chemical composition of the wear scar was analyzed with a small area X-ray photoelectron spectroscopy (XPS). The X-ray source was a monochromatic Al Kα beam (1486.6 eV). The diameter of the analysis area was 120 µm. The binding energy reference was taken as the main component of the C1s peak at 285 eV for adventitious carbon. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) was also used for chemical identification and mapping of products formed on the sliding surfaces. The conditions were: analysis area of 120×120 µm with primary-ion accelerating voltage of 15 kV, secondary ion accelerating voltage of 3 kV, and mass number range of 0-3000 amu. Figure 3 shows the desorption rate of hydrogen during the sliding experiments using additive-free MAC. In the initial stage, no obvious gas desorption was observed except for hydrogen when the ball was sliding on the disk. The desorption rate of hydrogen then decreased gradually, but subsequently increased sharply and stabilized after a sliding distance of about 1.4 km. Such variation of the desorption rate of hydrogen indicates that chemical reactions were initiated at the sliding contacts. The surface of the steel disk was covered with oxides, chemisorbed water, and organic contaminants, which are less active than the nascent steel surface. Hydrogen evolution at the initial stage did not originate from catalytic decomposition of lubricant, but from thermal decomposition of the surface hydroxyl groups and chemisorbed water 16) . After removal of the contaminants, desorption of hydrogen decreased until about 0.5 km. After removal of the surface layers, desorption of hydrogen increased.
Results and Discussion
1. Induction Period for Decomposition
Since the friction coefficient did not change during the entire sliding process, the generated friction heat should be constant. Therefore, the increasing desorption was not caused by thermal decomposition of the lubricant, but by catalytic decomposition of the lubricant which was activated by the mixed layer consisting of iron oxides and metallic iron. After the surface contaminants and oxide layer were removed and the formation rate of the nascent surface became stable, the desorption rate of hydrogen reached a steady state. The removal process of the surface layers can be considered the induction period for decomposition of the lubricant. Figure 3 shows that the induction period of the synthetic lubricant was about 1.4 km.
2. Desorption of the Reaction Products
Quadrupole mass spectrometry showed that hydrogen and gaseous hydrocarbons were the main volatile products of the decomposition of the lubricant over the nascent steel surface after removal of the surface layers. Desorption rate (Rd, molecules/s) of the reaction products can be estimated from the pressure change due to desorption, and can be calculated from Eq. (1) 11), 12) :
where C is the conductance at the gas outlet of the vacuum chamber; ΔP is the pressure change caused by desorption in the steady state and is proportional to the intensity change of the molecular and fragment ions; k is Boltzmann's constant; and T is the absolute temperature. The dependence of the desorption rate of hydrogen generated from additive-free MAC oil on the mechanical conditions is presented in Fig. 4 . The desorption rate of hydrogen by mechanical activation increased proportionally with the sliding velocity at any load tested in this study. On the other hand, the desorption rate of hydrogen increased linearly with the cube root of the load. All lines in Fig. 4(b) intersect with the load axis at the same load of about 1.3 N (W 1/3 ＝1.1). In other words, no hydrogen would desorb if the load was less than this value. Similar results were observed for gaseous hydrocarbons, such as CH3 ＋ , C2H5 ＋ , C3H7 ＋ , and C4H9 ＋ . Therefore, this point can be considered the critical load for the mechanical activation of decomposition. The mechanisms of the dependence of desorption rate on mechanical conditions were discussed in our previous study 6) .
Effect of Additives on the Turnover Number of the Gaseous Products
The turnover number (TN) can be estimated as the ratio of the desorption rate of gaseous products to the active site on the fresh surface area (SA) 17) :
TN is often used to represent the effective active sites on a nascent surface. The turnover number can be calculated from Eq. (3) 18) :
where a is the atomic density of Fe; m is an interaction constant; φ is the roughness coefficient; d is the width of the wear scar; and v is the sliding velocity. Figure 5 shows the turnover number of methane formed from lubricants with different additives. The turnover number of methane increased in the presence of triazine and phthalimide. TBMP-DMP and TCP were more effective to decrease the turnover number than sulfur-containing additives at the same concentration.
Since the gaseous hydrocarbon products were mainly generated by the decomposition of the lubricant, we can conclude that the order of efficiency of additives in decreasing the decomposition of lubricant is nitrogencontaining additive＜sulfur-containing additive＜ phosphorus-containing additive＜phosphate-containing ionic liquid. Moreover, the turnover number of methane decreased with higher concentration of a given additive. Therefore, decomposition of the lubricant decreased with higher concentration of additives. Figure 6 shows the effect of additives on the critical load and the induction period for decomposition. The induction period clearly increased when additives were introduced. The order of efficiency of the additives in extending the induction period was sulfur-containing additive＜nitrogen-containing additive＜phosphorus-containing additive＜phosphate-containing ionic liquid. No obvious gas evolution occurred even after a sliding distance of 40 km when TBMP-DMP and 1 wt% TCP were introduced as additives. Therefore, the sliding experiments with these additives were terminated at 25 to 40 km, as shown by arrows in Fig. 6 .
4. Effect of Additives on the Induction Period and the Critical Load
The critical load increased noticeably when TBMP-DMP were introduced as additives. The addition of TCP and 2 wt% disulfide also increased the critical load. For nitrogen-containing additives and sulfurcontaining additives with low concentration, the critical load was almost the same as that of additive-free MAC.
5. Discussion
The order of efficiency in extending the induction period reflected the following order: sulfur-containing additive＜nitrogen-containing additive＜phosphorus-containing additive＜phosphate-containing ionic liquid. The results can be explained by Pearson's HSAB principle 19 )～21) . Since the metallic iron is covered by the iron oxide layer, the lubricant and additive molecules first contact with the iron oxide layer after surface contaminants are removed. Fe 3＋ is a hard acid, so will strongly react with a hard base. The anionic moieties of the ionic liquids are hard bases, and TCP is also a hard base, with similar characteristics in reaction with Fe 3＋ . The reaction products are difficult to remove by mechanical contacts. Therefore, the ionic liquid (TBMP-DMP) and TCP are more effective in prolonging the induction period. Pearson's HSAB principle indicates that phthalimide and triazine are hard bases. These additives also show high effectiveness in extending the induction period. The organic sulfides are nonpolar compounds, which are classified as soft bases, and tend to react with soft acids, or the metallic iron. Consequently, these additives result in a shorter induction period compared with other additives.
The order of efficiency of additives in increasing the critical load is nitrogen-containing additive＜sulfur-containing additive＜phosphorus-containing additive＜ phosphate-containing ionic liquid. Since the critical load is the minimum load that can remove the deposited film by friction, the mechanical property of the deposited film naturally determines the value of the critical load. Table 2 shows the main composition of the deposited films, which were obtained from the XPS and/or TOF-SIMS analyses. The tribofilm generated from MAC with TBMP-DMP or TCP mainly consisted of iron phosphate, which was difficult to remove. Therefore, MAC with TBMP-DMP or TCP resulted in high critical load. The tribofilm generated from MAC with disul- Fig. 6 Effect of Additives on the Critical Load and the Induction Period fide consisted of iron sulfide and organic sulfide, which were also difficult to remove. The tribofilm generated from MAC with nitrogen-containing additives mainly consisted of organic compounds, similar to that from additive-free MAC. This film was easily removed even by a low friction force. Therefore, the critical load was similar to that for additive-free MAC. We can conclude that the strength of the deposited film determines the value of the critical load. Gas evolution reflects the decomposition of lubricants, and is contrary to the stability of the lubricant on a nascent surface. The order of the efficiency of additives in preventing decomposition of the lubricant was nitrogen-containing additive＜sulfur-containing additive＜phosphorus-containing additive＜phosphate-containing ionic liquid. TBMP-DMP and TCP react with Fe 3＋ due to the Pearson's HSAB principle, and induce the formation of iron phosphate, which is difficult to remove, and simultaneously is inactive compared to metallic iron. Therefore, the formed iron phosphate prevents the decomposition of the lubricant. Sulfurcontaining additive molecules and lubricant molecules attack only the nascent surface. The lubricant molecules only react with the active sites, whereas sulfurcontaining additives react with both the matrix and the active sites due to Pearson's HSAB principle. Moreover, surface restructuring occurs as a sulfur atom chemisorbs on the iron surface 24) . Consequently, the active sites will be deactivated and the decomposition of the lubricant correspondingly decreases. Obviously, for a given additive, higher concentrations induce fewer active sites and lead to lower decomposition of the lubricant. The nitrogen-containing additives cannot react with the metallic iron as the nascent surface is formed. Therefore, they cannot prevent the decomposition of the lubricant. Figure 5 shows that the turnover number of methane increased as nitrogen-containing additives were introduced, possibly due to decomposition of the additives.
Conclusions
The effect of additives on the tribochemical decomposition of synthetic hydrocarbon oil was investigated. The order of efficiency of additives in extending the induction period was: sulfur-containing additive＜ nitrogen-containing additive＜phosphorus-containing additive＜phosphate-containing ionic liquid, the efficiency in increasing the critical load: nitrogen-containing additive＜sulfur-containing additive＜phosphorus-containing additive＜phosphate-containing ionic liquid, and the order of efficiency in decreasing the decomposition rate was: nitrogen-containing additive＜sulfur-containing additive＜phosphorus-containing additive＜ phosphate-containing ionic liquid. These results suggest that additives which can form iron salts (such as iron phosphate and iron sulfide) deactivate the nascent surface, decreasing the decomposition rate and increasing the critical load. The critical load depends on the composition of the deposited films.
